The transition from the discrete, excitonic state to the continuous, metallic state in thiolate-protected gold nanoclusters is of fundamental interest and has attracted significant efforts in recent research. Compared with optical and electronic transition behavior, the transition in magnetism from the atomic gold paramagnetism (Au 6s 1 ) to the band behavior is less studied. In this work, the magnetic properties of combining EPR, optical and NMR studies, which will pave the way for further understanding of the transition behavior in metal nanoclusters.
Introduction
Metal nanoclusters represent an important stage in the evolution from discrete atoms to regular nanoparticles as many transitions in terms of structure and properties are expected to occur over the nanocluster regime.
1 Recent advances in solution-phase synthesis of atomically precise metal nanoclusters and their total structure determination by X-ray crystallography have opened up exciting opportunities for exploring the precise structure-property correlations. [1] [2] [3] [4] [5] Signicant progress has been achieved in controlling the size and structure of gold, [6] [7] [8] [9] [10] [11] [12] silver, [13] [14] [15] [16] [17] [18] [19] [20] [21] copper, [22] [23] [24] and alloy nanoclusters. [25] [26] [27] [28] [29] [30] Such new materials hold potential in a wide range of applications, such as catalysis, chemical and biological detection, drug delivery, to name a few. [31] [32] [33] [34] [35] [36] With respect to the optical transition, recent work has mapped out that the transition from excitonic to plasmonic state occurs between Au 246 (SR) 80 to Au 279 (SR) 84 for quasispherical gold nanoclusters. [37] [38] [39] In contrast, the magnetic transition of Au n (SR) m nanoclusters remains largely elusive. 40, 41 It is known that discrete gold atoms are paramagnetic due to an unpaired electron in the 6s orbital (6s 1 ), while bulk gold is diamagnetic because the diamagnetic contribution from paired core-electrons outweigh the weak Pauli paramagnetism from itinerant electrons in the conduction band. [42] [43] [44] Therefore, it is important to investigate the transition from atomic paramagnetism to bulk diamagnetism via atomically precise Au n (-SR) m nanoclusters. However, this remains a challenge because of major difficulties in controlling nanoclusters at the singleelectron level. [45] [46] [47] [48] For example, oxidation treatment of the 8-electron Au 23 (SR) 16 À unfortunately led to size conversion, Despite the challenges in single-electron level control of metal nanoclusters, 51 impressive progress has recently been achieved. [52] [53] [54] [55] [56] [57] 52 is unique in that it possesses an odd count (81e). 65 Signicantly, in this work we nd that Au 133 (TBBT) 52 exhibits interesting paramagnetism, with one spin per particle. This result is surprising given its large size and seemly metallic state. 66 We have further investigated the spin effects on the optical properties and ligand's chemical shis, as well as comparisons with the classical Au 25 system.
Results and discussions
The Au 133 (TBBT) 52 The S-band spectrum is broader that the X-band spectrum due to unresolved Au hyperne structure of [Au 25 (SR) 18 ] 0 (note: 197 Au nuclear spin I ¼ 3/2, natural abundance 100%). The black traces overlaid on both spectra (Fig. 2) are simultaneous leastsquares ts to the data for S ¼ 1/2 and 12 equivalent Au nuclei with an isotropic A-tensor of A iso ¼ 48 MHz. The value of A iso agrees with that determined from ENDOR spectroscopy for the icosahedral core of inner Au nuclei. 53 One unpaired electron equally delocalized over 12 Au nuclei would equate to a value of A iso z 600 MHz for an unpaired electron localized at a single Au atom. This value can be compared to the value of A iso for a free Au atom of 3050 MHz. The reduction of A iso for the Au nanoclusters is consistent with the signicant sp hybridization of the Au centers as described previously.
40
The simulations displayed in Fig. 1 (Fig. 3) . Therefore, it is difficult to differentiate the charge states of Au 133 (-TBBT) 52 by its absorption spectrum. This is different from the case of Au 25 (SR) 18 We also performed electrochemical oxidation of [Au 133 (-TBBT) 52 ] 0 by applying positive voltages and monitored the optical spectra in situ, 68, 69 but no change in optical spectra was found, even aer applying a 1 V bias for 90 min (Fig. S1 †) . This further indicates that the optical spectrum of Au 133 is insensitive to the change of oxidation state. In comparison, the absorption spectra of [Au 25 (SR) 18 ] À changed at 0.6 V (for 60 min)
due to the formation of [Au 25 (SR) 18 ] 0 (Fig. S2 †) . 52 ] 0 nanocluster. For the free TBBT thiol, HS-C 6 H 4 -C(CH 3 ) 3 , the nine identical hydrogens in the tert-butyl group give rise to an intense singlet peak at 1.30 ppm, and the four hydrogens in the aromatic part give rise to a pair of symmetrical doublets at 7.22/7.24 and 7.26/7.29 ppm (Fig. 4A and S3 †). Such simple, symmetric and intense NMR signals of TBBT thiols greatly facilitate the further analysis of complex ligand patterns on the Au 133 surface. When conned on the Au 133 surface, the 52 TBBT thiolates are split into 13 groups, with each group containing 4 ligands. This is mostly evidenced in the tert-butyl 1 H; the 1.30 ppm peak in free thiol is split into 13 peaks ranging from $0.72 to $1.39 ppm (Fig. 4B and S4 †) . A similar splitting pattern can also be identied in the aromatic region, but not as distinct as the singlet tert-butyl 1 H (i.e. 2H vs.
9H). As shown in the 2D correlation spectrum ( 1 H-1 H COSY) in the aromatic region (Fig. 4C ), 10 pairs of aromatic doublets from the TBBT ligands can be clearly identied and the detailed peak positions are listed in Table S1 . † It is difficult to identify the remaining 3 pairs, probably due to the overlap of signals or broadening of peaks when protons are very close to the gold core. The 13-fold splitting and 4-fold degeneracy of the 52 TBBT ligands are the reection of the symmetry of the ligand shell in Au 133 (TBBT) 52 . Since all the thiolates are assembled into monomeric staple motifs (i.e. 26 of -S-Au-S-) in Au 133 (TBBT) 52 , there is no symmetry breaking due to formation of different staple motifs. Therefore, the 4-fold degeneracy indicates that there are four identical ligand patches on Au 133 surface, and the 13-fold splitting infers that in each patch, there are 13 chemically different TBBT ligands. Indeed, this NMR splitting pattern can be correlated with the symmetry of surface ligand shell. As shown in Fig. 4D , the 52 TBBT ligands can be divided into four symmetrically identical patches as labeled in red, orange, green and blue colors. Each surface patch contains 13 TBBT ligands. Therefore, the ligand shell has a quasi-D 2 symmetry. Such splitting of NMR signal of ligands according to the symmetry of the nanoclusters have also been inferred in Au 130 (SR) 50 , which exhibits a 10-fold degeneracy and 5-fold splitting in its NMR spectrum, reecting its quasi D 5 symmetry. 64 We note that it is possible to qualitatively correlates some NMR peaks with ligands location based on the electron density around the ligands, but a quantitative correlation requires in-depth theoretical calculations given that 13 correlation needs to be made. Nonetheless, the detailed correlation of the complex NMR pattern with the symmetry of Au 133 (TBBT) 52 proves the potential of using NMR to characterize the structural symmetry of atomically precise nanoclusters, similar to the case of the protein structure determination. (-TBBT) 52 52 ] À , based on the identical peak positions in NMR spectra aer adding more NaBH 4 (Fig. 5D) . Instead, Au 133 gradually decomposed in the presence of large excess NaBH 4 , as evidenced in the decreasing intensity and broadening of peaks in NMR. This may be due to the stripping of surface TBBT ligands by excess NaBH 4 and then the aggregation of nanoclusters.
Conclusion
In summary, paramagnetism is discovered in the 1. 52 ] À . In future work, the spin effects on the ultrafast electron dynamics and catalytic reactivity deserve to be pursued.
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